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Figure 4. Spectral flux of the wave and geostrophic flow field and its decomposition into constituents
computed based on (3.3) at t = 15 000 for (a,b) CW ((a) ΠW , (b) ΠG); and (c,d) SW ((c) ΠW , (d) ΠG) regimes.

regime (figure 4b) ΠG is negative with almost entire contribution being from ΠGGG. The
geostrophic flow exhibits an inverse energy flux, with balanced triadic interactions (G −
G − G) playing the dominant role, similar to that seen in quasi-geostrophic turbulence
phenomenology (McWilliams 1989; Smith & Vallis 2001; Nadiga 2014). Contrary to the
CW case, figure 4(d) shows thatΠG is predominantly positive in the SW regime. Although
ΠGGG is still fully negative in this regime, ΠGWW is positive and of relatively larger
magnitude, resulting in positive valued ΠG for k ∼ 10–100. Waves therefore facilitate a
forward flux of geostrophic energy in the SW regime. Although the flux plots shown in
figure 4 correspond to a specific time (t = 15 000) and are subject to minor changes in
the quantitative values, the qualitative features we glean from figure 4 were seen to be
maintained at all times that we examined. Specifically, the inviscid range of scales of
the balanced flow in the SW regime were seen to be qualitatively similar to that shown in
figure 4(d), characterized by a forward energy flux with positiveΠG, resulting in enhanced
dissipation of balanced energy. Therefore, as the waves flux energy downscale in the SW
regime, they facilitate the transfer of geostrophic energy from large inviscid scales to small
dissipative scales.

Figure 5(a) shows the fractional change in geostrophic energy in CW and SW regimes.
The forward energy flux leads to dissipation of the geostrophic flow, resulting in a gradual
drop in geostrophic energy with time, as shown by the black curve in figure 5(a). By the
end of the experiment at t = 25 000, the geostrophic energy drops by 47 %. In the CW
regime on the other hand, where an inverse geostrophic energy flux leads to the formation
of large-scale coherent vortices, we observed only 0.65 % drop in geostrophic energy by
t = 25 000. Figure 5(b) shows the time series of the ratio of geostrophic and wave energy
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Forward energy flux of geostrophic balanced flow
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Figure 1. Geostrophic vorticity, ζG, in (a) CW and (b) SW regimes at t = 15 000. To highlight flow features in
the interior, the above panels show a horizontal slice of the domain with z = −π/4 being the top surface and
z = −π being the bottom surface.
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Figure 2. (a) Geostrophic and (b) wave horizontal energy spectra at t = 15 000 on the plane z = −π/4
(continuous curves) and z = −3π/4 (dashed curves). During the course of the experiments, the wave spectrum
was seen to fluctuate between k−1.7

h and k−1.9
h in CW and SW regimes. The geostrophic spectrum in the CW

regime varied between k−3.2
h and k−3.9

h . In the SW regime the geostrophic spectrum varied between k−1.9
h and

k−2.1
h . Notice that the geostrophic energy spectrum is shallower in the SW regime when compared with the CW

regime, indicating the higher geostrophic energy content at small scales. All the spectral slopes were calculated
based on a best fit in the range kh ∈ [10, 70]. Straight lines corresponding to k−2

h and k−3
h are given on the above

spectral plots for reference.

experiments, although the spectral slopes were seen to fluctuate a little over the duration of
the experiments (see caption of figure 2), the qualitative features were seen to be similar at
different times. Specifically, a persistent feature of the geostrophic spectra is the presence
of a shallower inertial range in the SW regime (black curves in figure 2a) when compared
with the CW regime (red curves in figure 2a). The formation of small-scale features in the
geostrophic flow seen in figure 1(b) leads to relatively higher geostrophic energy at small
scales, which eventually get dissipated.

We will now examine energy exchanges between waves and geostrophic balanced flow.
On applying the wave–balance decomposition to the governing equations (2.3), including
hyperdissipative terms, we obtain the energy change equations for wave and balanced
components at each wavenumber (kx, ky, kz) (see Thomas & Daniel (2020) for the detailed
procedure). Integrating over angles in spectral space gives us triadic energy equations for
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Figure 1. Geostrophic vorticity, ζG, in (a) CW and (b) SW regimes at t = 15 000. To highlight flow features in
the interior, the above panels show a horizontal slice of the domain with z = −π/4 being the top surface and
z = −π being the bottom surface.
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experiments, although the spectral slopes were seen to fluctuate a little over the duration of
the experiments (see caption of figure 2), the qualitative features were seen to be similar at
different times. Specifically, a persistent feature of the geostrophic spectra is the presence
of a shallower inertial range in the SW regime (black curves in figure 2a) when compared
with the CW regime (red curves in figure 2a). The formation of small-scale features in the
geostrophic flow seen in figure 1(b) leads to relatively higher geostrophic energy at small
scales, which eventually get dissipated.

We will now examine energy exchanges between waves and geostrophic balanced flow.
On applying the wave–balance decomposition to the governing equations (2.3), including
hyperdissipative terms, we obtain the energy change equations for wave and balanced
components at each wavenumber (kx, ky, kz) (see Thomas & Daniel (2020) for the detailed
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experiments, although the spectral slopes were seen to fluctuate a little over the duration of
the experiments (see caption of figure 2), the qualitative features were seen to be similar at
different times. Specifically, a persistent feature of the geostrophic spectra is the presence
of a shallower inertial range in the SW regime (black curves in figure 2a) when compared
with the CW regime (red curves in figure 2a). The formation of small-scale features in the
geostrophic flow seen in figure 1(b) leads to relatively higher geostrophic energy at small
scales, which eventually get dissipated.

We will now examine energy exchanges between waves and geostrophic balanced flow.
On applying the wave–balance decomposition to the governing equations (2.3), including
hyperdissipative terms, we obtain the energy change equations for wave and balanced
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the interior, the above panels show a horizontal slice of the domain with z = −π/4 being the top surface and
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experiments, although the spectral slopes were seen to fluctuate a little over the duration of
the experiments (see caption of figure 2), the qualitative features were seen to be similar at
different times. Specifically, a persistent feature of the geostrophic spectra is the presence
of a shallower inertial range in the SW regime (black curves in figure 2a) when compared
with the CW regime (red curves in figure 2a). The formation of small-scale features in the
geostrophic flow seen in figure 1(b) leads to relatively higher geostrophic energy at small
scales, which eventually get dissipated.
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Forward Flux of Balance Pure Balance flow

Balance Energy flux contributions in spectral space
G: balance, W: wave

Balance flow with high-energy waves

Prominent mechanisms suggested for dissipating balanced energy in the world's oceans require balanced flow to encounter different forms 
of boundaries. In contrast, the wave-induced dissipation of balanced energy is an attractive mechanism that could dissipate balanced energy 
in the interior parts of the oceans and away from all forms of boundaries. 

For more info., contact Don Daniel (XCP-4)  ddaniel@lanl.gov

3D Geostrophic Vorticity


